Summary Osteocalcin is a major component of bone matrix. Concentrations of total, carboxylated, and uncarboxylated osteocalcin, are highly heritable and genetically correlated with bone mineral content (BMC) within African ancestry families. Introduction Osteocalcin (OC) is a protein constituent of bone matrix and a marker of bone formation. We characterized the heritability of serum OC measures and identified genomic regions potentially involved in the regulation of OC via high-density genome-wide linkage analysis in African ancestry individuals. Methods African ancestry individuals (n = 459) were recruited, without regard to health status, from seven probands (mean family size=66; 4,373 relative pairs). Residual heritability of serum OC measures was estimated and multipoint quantitative trait linkage analysis was performed using pedigree-based maximum likelihood methods. Results Residual heritabilities of total OC, uncarboxylated OC, carboxylated OC and percent uncarboxylated OC were 0.74±0.10, 0.89±0.08, 0.46±0.10 and 0.41±0.09, respectively. All OC measures were genetically correlated with whole body BMC. We obtained strong evidence of bivariate linkage for percent uncarboxylated OC and whole body BMC on chromosome 17 (logarithm of the odds [LOD]= 3.15, 99 cM). Conclusions All forms of OC were highly heritable and genetically correlated with total body BMC in these African ancestry families. The identified linkage region contains several candidate genes for bone and energy metabolism including COL1A1 and TNFRSF11A. Further studies of this genomic region may reveal novel insight into the genetic regulation of OC and bone mineralization.
Introduction
Osteocalcin (OC), a major protein constituent of bone matrix that is synthesized by osteoblasts, is considered a biomarker of bone formation and bone turnover [1, 2] . Circulating OC levels are associated with age, sex, body size and hormone replacement therapy (HRT) but are also under strong genetic control [3] [4] [5] [6] [7] [8] . Candidate gene studies, conducted primarily among Caucasians, have documented association between several loci and serum OC concentrations including the OC structural locus (BGLAP) [9] and genes encoding the vitamin-D receptor (VDR) [10] , calcitonin receptor (CALCR) [11] , Klotho (KL) [12] and transforming growth factor beta 1 (TGFB1) [13] . Only one genome-wide linkage study of serum OC concentration has been conducted in humans. That study detected suggestive linkage on chromosomes 16 and chromosome 20 in Mexican Americans [3] . Quantitative trait locus (QTL) linkage analysis in baboons has also identified an orthologous region on human chromosome 6p23-21.3 for serum OC [5, 6] .
A limitation of previous studies on OC is that they have focused on measures of total serum OC. However, OC undergoes γ-carboxylation at its three glutamic acid residues. γ-Carboxylation is dependent on vitamin K, such that individuals deficient in vitamin K have a higher percentage of their total OC as uncarboxylated OC (ucOC) [14] . Since there are physiologic differences between the carboxylated and uncarboxylated forms of OC, it is important to elucidate potential differences in their determinants. Furthermore, no genetic studies of OC to date have included African ancestry individuals, who have significantly lower OC levels compared with Caucasians [15, 16] . Therefore, in this study we determined the correlates and heritability of serum total, carboxylated, and uncarboxylated OC in 459 individuals who were members of seven large, multigenerational families of African ancestry. We also performed genome-wide linkage analyses using a high-density polymorphism panel in order to identify potential QTL that may influence OC levels in this understudied population group.
Materials and methods

Study sample
Participants for this analysis were from the Tobago Family Health Study. The Tobago population is predominately of West African origin with low admixture [17] . Briefly, probands were recruited without regard to their medical history from a cohort study of bone mineral density and body composition on the Caribbean island of Tobago [18] . Probands were eligible if they had a spouse willing to participate and had at least six living offspring and/or siblings aged ≥18 years and who were residing in Tobago. All first-, second-, and third-degree relatives of the probands and their spouses were invited to participate. The final set of 471 individuals comes from seven extended families consisting of 21, 26, 28, 
Osteocalcin measures
Total OC, ucOC and percent ucOC (%ucOC) were measured in fasting, morning serum samples. Serum was frozen at −80°C until analysis. Serum concentrations of total and uncarboxylated OC were measured, in duplicate, in previously unthawed specimens by radioimmunoassay, as previously described elsewhere [19] . Briefly, carboxylated and ucarboxylated OC are measured in serum using a radioimmunoassay utilizing an antibody made against OC purified from human bone. This antibody recognizes both carboxylated and uncarboxylated OC equivalently. Carboxylated OC is separated from uncarboxylated OC by adsorption on hydroxyapatite. After adsorption of serum onto a standard suspension of hydroxyapatite, the supernatant contains uncarboxylated OC. Total OC is measured in the original serum and ucOC is measured in the supernatant. The two metabolites are separated using absorption on hydroxyapatite. Carboxylated osteocalcin (carbOC) was calculated as (total OC−ucOC) and %ucOC was calculated as (ucOC/totalOC× 100%). Intra-assay variations were 4.8% and 7.1% for total OC and ucOC, respectively. Inter-assay variation ranged from 3.5% to 5.9% for total OC and was 8.2% for ucOC.
Dual-energy X-ray absorptiometry
Whole body bone mineral content (BMC, grams) and density (BMD, g/cm 2 ) were measured by DXA using the array beam mode on a Hologic QDR 4500 W scanner (Hologic, Inc., Bedford, MA). Standardized procedures for participant positioning and scan analysis were followed according to the manufacturer's recommended protocol. Scans were analyzed with QDR software version 8.26a. The short-term in vivo precision of the DXA measurements was assessed in 12 subjects. All CVs were less or equal to 1.16% and all rest-retest correlations are above 0.99. A phantom was scanned daily and reviewed to maintain longitudinal quality assurance of the scanner during the course of the study.
Other measurements
Body weight was measured to the nearest 0.1 kg on a balance beam scale. Standing height was measured to the nearest 0.1 cm, without shoes, using a wall-mounted stadiometer. Body mass index was calculated as weight in kilograms divided by standing height in meters [2] .
Demographic, lifestyle and medical history variables were collected by trained clinic staff through administration of a questionnaire and interview. Race was self-reported based on grandparental ethnic origin. Smoking status was classified as either current or not (yes/no), and participants reporting ever smoking <100 cigarettes in their lifetime were considered non-smokers. Alcohol consumption was assessed by questionnaire and is coded based on having >1 drink/week (yes/no). Physical activity was assessed by the number of minutes walked per week and participants were dichotomized into "not active" (≤25 min walked/week) or "active" (>25 min walked/week). Participants were asked to bring current medications to their interview, and staff recorded each medication. Diabetes was defined as a fasting glucose level >126 mg/dl or current use of diabetes medication. Hypertension was defined as a seated diastolic blood pressure >90 mmHg, systolic pressure >140 mmHg and/or current use of anti-hypertensive medication.
Reproductive characteristics collected included postmenopausal status, parity, use of oral contraceptives and HRT. Because only five women reported using HRT, this variable was not included in this analysis. Women were considered postmenopausal only if they had no menses for at least 12 months and were >40 years old, or if they had a hysterectomy or ovariectomy.
Genotyping and multipoint identity-by-descent (IBD) calculation Genomic DNA was isolated from whole blood extracted by the salting out method and isolated by a Qiagen column procedure (Qiagen, Santa Clara, CA). Whole-genome genotyping by fluorescence-based methods was performed using the Infinium HumanLinkage-12 Genotyping BeadChip (Illumina, San Diego, CA). After excluding single nucleotide polymorphisms (SNPs) with call rate <90%, Hardy-Weinberg equilibrium (p<0.001), minor allele frequency <0.05 or multipoint IBD calculation incompatibility, we retained 1,512 autosomal SNPs and used the Markov chain Monte Carlo algorithm as implemented in the program Loki [20] to calculate multipoint IBD. The final SNP set had a median MAF of 0.325 with a median spacing of 1.92 cM based on the Kosambi mapping function [21] .
Statistical analysis
All traits were assessed for non-normality and transformed as necessary. Outliers, defined as ≥4 SD from the mean, were removed for each trait; no more than eight observations were removed from any OC trait. To determine significant correlates for each OC trait, we tested each covariate separately in an age and sex adjusted model; age and sex were forced into each model because they are known correlates of serum OC concentrations. Because we analyzed family data, we used the variance component framework as implemented in the program SOLAR [22] , which accounts for the non-independence between observations by using a familial correlation matrix. All potentially significant covariates were then assessed simultaneously for each trait; we required a p value ≤0.05 for inclusion in our final models.
Maximum likelihood methods were used to simultaneously model the effect of additive genetics, or heritability (h 2 ), fixed covariate effects and error. Heritability reported herein is the residual heritability (h 2 r), which is estimated as the proportion of phenotypic variation after the effects of covariates have been removed.
To compare the effects of covariates across all traits, we calculated the percent difference in the OC related trait per unit increase in covariate. Percent differences were calculated as (beta coefficient×unit/mean trait value)×100. For continuous variables, the unit range was 1 SD, and for dichotomous variables, the unit range was 1.
Multipoint linkage analysis was performed using an extension of the variance components model described above. Maximum likelihood methods were used to estimate the expected variance attributable to a theoretical QTL, based on the expected covariance between relatives, which were estimated using the multipoint IBD probabilities. The model containing the parameter for the theoretical QTL was then compared with models incorporating only polygenic effects using a likelihood ratio test (LRT). Logarithm of the odds (LOD) scores, computed as the log10 of the likelihood ratio, were used to assess the significance of the test. By convention, to account for multiple testing, LOD score thresholds of 3.0 and 2.0 were considered to represent nominal genome-wide significant and suggestive evidence for QTLs, respectively. In these families, we have an 80% power to detect a QTL with heritability as low as 0.33 at a LOD of 3.0 and heritability as low as 0.29 at a LOD of 2.0.
Secondary to our univariate heritability and linkage analyses, we attempted to refine the OC genomic signal to one that may reflect overall bone status as assessed by dual Xray absorptiometry (DXA) measures of whole body bone mineral density (wbBMD) and mineral content (wbBMC). We first estimated genetic (ρ G ), environmental (ρ E ) and phenotypic (ρ) correlations between OC and the DXA traits using a bivariate extension of the variance components framework [23] . For any OC and bone trait pair that had significant (p< 0.05) genetic correlation, we also performed bivariate linkage analysis in the same manner as single trait analysis described above. All models were adjusted for covariates deemed appropriate a priori, including age, sex, BMI and menopausal status. To account for multiple testing, we used LOD score thresholds of 2.0 and 3.0 to signify suggestive and strong evidence of bivariate linkage, respectively. We did not set a significance threshold for the LOD score because bivariate linkage analyses involve an LRT with 2 degrees of freedom, so the conventional univariate thresholds are not appropriate [23] and there has been no significant LOD threshold proposed for bivariate analyses.
Results
Subject characteristics
Individuals were on average 43 years (range, 18-100 years), and age did not differ by sex (Table 1) . Women were significantly heavier than men. Men were more likely to be current smokers, drink at least 1 alcoholic drink/week and to walk ≥25 min/week than women (p<0.05 for all). Both men and women watched about 15 h of television per week. Women drank more milk and caffeinated beverages and were more likely to use vitamin D and calcium supplements than men (p<0.05 for all). Diabetes and hypertension were prevalent in this population (8.9% and 31.2%, respectively), with treatment prescribed to 75% of diabetics but only 32% of hypertensives. There was no difference in diabetes or hypertension prevalence between men and women (p>0.05). Approximately 32% of women were postmenopausal, 77.3% had at least one child and 33.3% were currently using oral contraceptives. The mean total OC was 4.5±2.9 μg/l (range 0.4-15.3 μg/l). About 36% of the total OC was uncarboxylated (mean: 1.55±1.1 μg/l; range: 0.2-5.6 μg/l). There were no significant differences in unadjusted OC measures between men and women.
Association with covariates and genetic heritability estimates
We assessed the significance of age, sex and other covariate associations with each OC related trait (Table 2) . Age was inversely associated with total OC, ucOC and carbOC concentrations such that each 10-year increase in age was associated with a 2.1-5.1% lower OC concentration (p< 0.05 for all). Women had~10% lower adjusted total OC and carbOC (p<0.01). Each standard deviation (6.4 kg/m 2 ) increase in BMI was associated with a 4.8-5.8% lower concentration of each OC measure (p<0.0001 for all). Postmenopausal women had 17-28% higher OC measures compared with premenopausal women and men combined (p<0.0001 for all). Prevalence of diabetes was associated with 11.9% and 15.3% lower total OC and ucOC, respectively (p<0.01 for all). The prevalence of hypertension was associated with 9.5% higher ucOC (p=0.007). For every 8 h of television watched per week, carbOC was 0.4% lower. Current smokers had 17% higher %ucOC (p< 0.05) compared with non-smokers.
Measured covariates only explained between 3% and 8% of the total phenotypic variance in the OC related traits ( Table 2 ). We also found that a large proportion of the phenotypic variance in OC was due to polygenic effects. For example, the residual heritabilities were: 0.74±0.10 for total OC, 0.89±0.08 for ucOC, 0.46±0.10 for carbOC and 0.41±0.09 for %ucOC (p<0.0001 for all).
Genome-wide linkage analysis
We detected seven regions suggestive of linkage with the OC related traits (Table 3 and Figs. 1 and 2 ). The highest univariate LOD score detected was for total OC at 170 cM on chromosome 11 (LOD=2.83; Fig. 2c ). There were three additional regions suggestive of linkage for total OC: one on chromosome 9 (peak LOD=2.61, 60 cM; Fig. 2b ), another on chromosome 18 (peak LOD=2.31, 93 cM; Fig. 2e ) and the last on chromosome 22 (peak LOD=2.24, 24 cM; Fig. 2f ). We also detected suggestive evidence of linkage for carbOC at the same location as total OC on chromosome 18 (peak LOD=2.05, 93 cM; Fig. 2e ). There was also a unique region on chromosome 5 suggestive of linkage (peak LOD=2.17, 85 cM; Fig. 2a ). Suggestive linkage was also observed on chromosome 12 for %ucOC (peak LOD=2.15, 126 cM; Fig. 2d ). The highest LOD score for ucOC was only 1.85 on chromosome 10 ( Fig. 1) .
Association of osteocalcin-related traits with whole body bone mineral Age, sex, BMI and menopausal status accounted for 34% and 53% of the total phenotypic variance in wbBMD and wbBMC, respectively. Genetic effects were also significant with residual heritabilities of 0.57±0.11 and 0.64±0.10 for wbBMD and wbBMC, respectively (Table 4) . A genomewide scan of these DXA traits identified genomic regions tively; p<0.05 for both), suggesting that shared genes may influence both traits. Bivariate linkage analysis identified one region with strong evidence of genome-wide linkage and three regions with suggestive evidence of genome-wide linkage that were not present in any of the univariate linkage results. The maximum LOD score was 3.15 for a QTL influencing %ucOC-wbBMC on chromosome 17 (99 cM). This locus was also suggestive of linkage for %ucOC-wbBMD (max LOD=2.68, chromosome 17, 102 cM). Additional regions suggestive of linkage for the %ucOC-wbBMC analysis were found on chromosome 2 (max LOD=2.16, 271 cM) and chromosome 12 (max LOD= 2.11, 67 cM). Additional regions possibly influencing % ucOC-wbBMD included QTL on chromosome 1 (max LOD= 2.40, 85 cM) and chromosome 12 (max LOD=2.19), at the same location as the %ucOC-wbBMC peak (67 cM). Suggestive evidence of linkage for the ucOC-wbBMC analysis was detected on chromosome 1 (max LOD=2.40), at the same location as the %ucOC-wbBMC peak (85 cM).
Discussion
We investigated the epidemiologic correlates, heritability and genome-wide linkage of serum OC concentrations among men and women belonging to very large, multigenerational African ancestry families. Osteocalcin levels were similar to previously reported values in African Americans and were lower than values reported in Caucasians [15] . Age, gender, BMI and menopausal status were the major correlates of OC; however, the majority of phenotypic variation was explained by additive genetic factors. The combination of our large, multigenerational families, large number of relative pairs and a high-density genome-wide linkage panel with~1 cM spacing enabled us to detect several chromosomal regions harboring potential QTL for OC, including several regions not previously described.
Total OC levels in our families were similar to those reported for non-Hispanic blacks in the National Health and Nutrition Examination Survey (NHANES) (Tobago: 4.5 μg/ l vs. NHANES: 3.6-4.9 μg/l), but were lower than values reported in Caucasians (3.9-5.5 μg/l) [15] . In our sample, the majority of total OC was carboxylated, with~36% being uncarboxylated. To our knowledge, previous studies have not reported concentrations of ucOC and carbOC in African ancestry populations for comparison. However, we found a higher %ucOC (36%) than in the Caucasian Framingham cohort, which had mean values ranging from 15.6% to 22.7% depending on age and gender [24] . In the Framingham sample, %ucOC was generally greater with increasing age and was also greater in women compared to men, both of which were confirmed in our African ancestry sample. In multivariable models, women had significantly lower total and carboxylated OC than men, consistent with other reports [15, 25] . This gender difference was reversed among older individuals, due to a significant impact of menopausal status on OC levels. In postmenopausal women, OC levels were substantially higher than in men or premenopausal women, consistent with a higher rate of bone loss in these women. Unfortunately, due to sample size considerations, sex-stratified analyses were not performed. Total OC and ucOC were also lower in diabetics than in non-diabetics and ucOC was higher in hypertensive than in normotensive individuals. Carboxylated OC was associated with watching television, which may be a proxy for physical activity levels in our sample. Current smoking was associated with a higher percentage of uncarboxylated OC. A previous report by Shea et al. [8] found that body size and HRT were significantly correlated with percentage ucO.
All four OC related traits had significant, high residual heritability and a very low proportion of variance explained by measured covariates in our African ancestry families. Analyses in Caucasian twins and Mexican American families have also estimated a high heritability of total OC (~0.60; 5.6), whereas another analysis of 240 Caucasian post-menopausal twins estimated heritability to be 0.38 [7] . Our results are the first to estimate the heritability of total and carboxylated forms of OC within the same sample. We found that there are strong genetic influences on total OC and ucOC, which had residual heritability estimates of 74.0% and 89.3%, respectively.
There have been few genome-wide studies of serum OC concentrations. Genome-wide association studies (GWAS) have become a widely used approach to identify common variation associated with disease related traits; however, these studies have explained only a very small portion of the phenotypic variance in quantitative traits to date including BMD [26] . While no GWAS for OC have been performed, several genome-wide linkage studies of OC have been published [3, 5, 6] . In contrast to GWAS, genome-wide linkage can identify rare variants with larger phenotypic effects that segregate in families [27] . Although we have only recruited seven families to date, the large multigenerational family structure and thousands of relative pairs enabled us to detect seven chromosomal regions with suggestive evidence of univariate linkage for OC related traits. None of the linked regions contained the structural locus for OC (BGLAP), which is located on the long arm of chromosome 1 (1q25-q31). It seems likely that variation in other regions of the genome may affect circulating OC levels, such as genes related to bone mineralization and metabolism. Thus, further examination of the chromosomal regions identified herein may reveal fundamental insight into the genetic regulation of OC independent of BGLAP.
Univariate analyses only identified genomic regions suggestive of linkage with OC traits. The highest LOD score detected in univariate linkage analysis (LOD=2.83) was for total OC on chromosome 11, and this region contained no striking candidate genes for OC or bone mineral regulation. Similarly, the region on chromosome 9 (LOD=2.61; total OC) contains no strong biologic candidate. Interestingly, the region on chromosome 18 in linkage with total OC (LOD=2.31) and carbOC (LOD=2.05) contains the TNFRSF11A (RANK) gene, a key regulator of osteoclast formation and function [28, 29] . The last region suggestive of linkage with total OC was on chromosome 22 and includes the MAPK1 gene, which has been shown to be necessary for induction of the BGLAP gene [30] . We found evidence of suggestive linkage for carboxylated OC in a region on chromosome 5 (LOD 2.17). A SNP within the region (rs10078095) resides in the osteoarthritis-associated locus, GDF5-UQCC, and has been associated with human height in a GWAS [31] . We also detected suggestive evidence of linkage for %ucOC for a region on chromosome 12 (LOD=2.15), which contains many potential candidate genes including the insulin-like growth factor 1 (IGF1) and transient receptor potential vanilloid 4 (TRPV4) genes, which are both involved in chondrogenesis and bone development [32, 33] .
Bivariate linkage analysis of OC and whole body bone mineral may provide unique insight on the genetics of bone health. To our knowledge, there have been no previous bivariate analyses of these traits. We found that serum OC concentration was inversely correlated with BMD and BMC [2] and that part of this correlation was attributable to shared genetic influences. Using bivariate linkage analysis, we were able to identify four additional peaks suggestive of linkage, including one peak on chromosome 17 that achieved genome-wide significance (LOD=3.15), that were not identified in any of our univariate analyses. This region contains 64 genes and spans 4.6 Mbp between 20.7 and 25.3 Mbp on chromosome 17. There are many developmental genes under this peak such as distal-less homeobox 3 and 4 (DLX3/4) and growth hormone 1 and 2 (GH1/2). However, the strongest candidate in this region appears to be the collagen type 1 alpha 1 (COL1A1) gene. Mutations in this gene have been associated with osteogenesis imperfecta [34] and osteoporosis [35] . Additionally, the Sp1 polymorphism in COL1A1 has been associated with fractures [36] .
Mitchell et al. [3] conducted a genome-wide linkage scan of total serum OC using 376 microsatellite markers spaced at~10-cM intervals in 429 Mexican American individuals comprising ten families. They identified evidence for linkage between a QTL influencing serum OC levels with markers on chromosome 16q (LOD=3.35), and suggestive evidence for linkage of OC levels with markers on chromosome 20q (LOD=2.78). The region on chromosome 16q has been replicated in 591 pedigreed baboons [6] and an additional QTL with effects on OC has been mapped to the baboon ortholog on human chromosome 6p23-21 [5] . We were unable to detect significant or suggestive evidence of linkage of serum OC concentrations with markers in these regions. Differences in the ethnic composition between our study and the report in Mexican Americans may explain the different linkage results.
A meta-analysis of nine genome-wide linkage studies of BMD in 11,842 Caucasians identified eight genomic regions with significant evidence of linkage to spine BMD and six regions with significant evidence of linkage to hip BMD [37] . None of these regions overlap directly with the regions suggestive of linkage in our univariate or bivariate analyses. Genome-wide linkage analysis of the Framingham families identified markers on chromosome 5 that were in linkage with femoral neck shaft width (LOD= 3.48, men only), which overlaps with the region for carbOC in our families [38] . This region may be of particular interest for future research.
We documented an association between totalOC and ucOC with diabetes in our African ancestry families. Serum OC was lower in diabetics than in non-diabetics, which is consistent with several studies that have found a connection between OC, energy metabolism and diabetes [39] . Among healthy individuals, OC has been positively associated with glucose tolerance and beta-cell functioning [40] and inversely with diabetes prevalence [41] . Also, OC was inversely associated with BMI in our families. This observation is consistent with other reports in diabetics [40, 41] and in OC knock-out mice, which display excess visceral adiposity and insulin resistance [39] . However in mice, only uncarboxylated osteocalcin and not carboxylated osteocalcin is considered a regulator of energy metabolism. Recent reports also suggest that OC is expressed in human adipose tissues and adipoctyes and may play a role in adipogenesis [42] .
The wide age range of subjects may be a potential limitation of our analysis. However, we adjusted all analyses for age and menopausal status. We also did not have information on dietary vitamin K in which may limit interpretation of our epidemiological results for carboxylated OC. However, the absence of dietary vitamin K data is unlikely to impact our linkage results. Also, we did not have data on when fractures may have occurred. Since recent fractures can increase metabolism markers, including OC, this may have influenced OC levels. However, the prevalence of fracture is low in this relatively young population, and, thus, unlikely to have impacted the linkage results.
In conclusion, serum OC concentrations appear to be largely under genetic control among African ancestry individuals. Age, gender, menopause status and other covariate effects only accounted for 3% to 8% of the inter-individual variation in serum OC concentrations. Our large, multigenerational families combined with a high-density linkage panel enabled us to detect several genomic regions that may harbor novel loci influencing serum OC concentrations and bone mineralization. Larger studies are needed to investigate these chromosomal regions in greater detail and may reveal fundamental insight into the regulation of OC and bone mineralization.
